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I. iNXiioDUcrr.N 

Thib paptsr is an investigaticn of tiie uppliccibility of the 
ramjet to replace the first step of a t.vo-siep or multi-step rocket, 
with the hope of increasing the efficieac/ and perforniance of the 
vertical ctscendiiig missiles of the present day . 

i:ince tne ramjet is an air breathing engine, it seems only 
natural that it would operate more efficientl. from the standpoint 
of fuel consumption and payload ratio, than a primary-step rocket 
which is forced to carry its own oxygen through the range of alti- 
tudes within the atmosphere. 

The ramjet is considered as a booster nxctor to boost the 
primary missile through the atmosphere, or it may be used as an 
' u-tmospheric-step’' of a multi-step rocket operation. It i^ to be 
discarded after reaching its maximum: velocity so that the second 
stage ioay use this ramjet velocity as an Initial velocity. The 
primary missile, or the second stage, us the case may be, can 
t.ruached at high altitade with a high initial velocity and a 
substantia! fuel saving. To boost the ra.nijet to operating speed 
th ^ second stof rocket must operated for the first few seconds 
as a ducted rocket. 



A preliiidnary study entitled ' Application of the Ramjet to 
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High Utitude .mounding Vehicles' was made dy . Ix. cbindel in 
his theiis written at b/i.I. A . in 1948. This paper, also suggcbt^a 
by Dr. H. S. Tsien, is an analytic study of the ramjet in vertical 
ascent but rather limited to the specific ramjet with which to 
boost a V-2 rocket. The results obtained by Schinde. indicate 
that only one third as nnuch fuel is necessary for the ranrjet 
rocket combination as compared to* the two-step rocket. The 
ramjet rocket therefore allows the second-step rocket to carry 
larger payloads or attain higher altitudes, .chiadel's paper ap- 
pears as Ref. I. 

The method of obtaining general ramjet performance in 
this paper is to express the differential equation of vertical rnotiou 
in terms of ramjet coefficients of thrust, drag, and specific fuel 
consumption based on the maximum cross-sectional area of the 
ramjet. These coefficients together with initial conditions are 
grouped into two parameters which are made to vary well beyond 
the present day range of fuels and materials. In obtaining the 
continuously varying velocities, accelerations, and fuel consump- 
tion rates over the vertical flight path, a step-by-step integration 
process was used. Calculations were made using time intervals 
of one second and prescribing the initial velocity. Only vertical 
flight is considered and this is justified since the problem is cal- 
culated entirely within the powered flight trajectory, Throughout 
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t fe; prcol^m gravity is assumed coristarit. the; ajtitude necessary 
to st t the ra'tjjet is neglected, acceler itions of the ramjet 
missile are limited to 25 , and the time rate fuel consumption 

the ramjet is assuni d pro^>ortioim! to the net thrust and in- 
versely pro'pcrtionai to th« flight velocity. The ramjet is also 
assumed to be callable of burning fuel in the rarefied atmosphere. 

The resulting fUg!it ve ocity, fuel consuaiptioa per initial 

weight, and altitude presented graphically in terms oi time after 

launching the ramjet show several important results: The most 

important factor that limits the performance of the ramjet is the 

air density ratio. The greatest increase in second-step launcn- 

ing altitude , by improved thrust and drag cocfficii^nte and in- 

creaeed ramjet cross-sectional area, is achieved at low ramjet 

launching velocities rather than at high launching velocities. 

The performance cf the ramjet missile oi'^crating at a specific 

Ibs/sec 

fuel consumption of .0007 ib»”thrust *’*'*^'*'*^ ^ marked increase 
of efficiency over a missile using a higher fuel consumption value. 
N'iflsiles using a lower specific fuel consu:nptiori value, of the 
aame order as the increased value, show uec-li^icle improvement 
in efficiency. V*'hen the ramjet ri-issile is compared to a two- 
step rocket in section Y it is conjpared on the beieis A equal 
maximui.' velocity and altitude attained ?.t tuia velocity for the 
iirst ate j-rocket and the ramjet-step. he luc used in tne 
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ductad rocket operation aecessary to booat the rarojet charged 
agaiu4.t the ri-ii jet in coin^^aring iucl consuiiiption of the two rnis- 
silea. It is found, as a result, that the ramjet missile will bura 
only one third of tlie fuel required by the tv*^o-stcp rocket and, 
therefore , the ramjet missile will have a payload ratio of three 
times that of the two-step rocket, (inversely, for the same fuel 
consumed, the ramjet missile will attain 65 more altitude 
than the two-step rocket. 



Jl 
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n. c ‘ N ^ I c -• n .hc‘s 

Newton's r irst T^a'v of . 'otion is the fundarrjental eruatii^n 
jsed to deve’o|* tVe general equation of rnmjot performance. 

T^iis equation of motion is applied to tbe vertical direction only and 
the sum of tlie vortical forces present is equated to the product 
of the instantaneous mass and the acceleration in differential form. 
The forces of thrust and drag ere changed to coefficient form since 
the forces are functions of flight velocity. The ratio of flight vel- 
ocity to initial velocity and the ratio of air density to initial air 
density are than created and the initial functions grouped together 
to form the non-dimensional parameter C *2 ^ which may 

also be described as the initial force per pound of weight needed to 
accelerate the missile. 

The instantaneous weight is changed into the sum of the 
structural and payload weight and the weight of ramjet fuel. The 
weight of the ramjet fuel is, of course, decreased by the fuel flow 
v/hich is equal to the specific fuel consumption times the thrust. 
The ratio of instantaneous weight to initial weight then becomes 



where the total fuel consumption per pound of initial v/eight is ex- 



Xotal j gel Consumption TEC. 

Initial V» eight ^ ^ Wo 





o 



The time rate of fuel consumption of the ramjet is, however, 
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assumed proportional to the net thrust and inversely proportional 
to the liight velocity. The thrust coefficient is also considered a 
mean value that is constant for a given flight. This leads to a 



group of terms considered as the second parameter, 
which has the dimensions of 



1 



Cf -Cd 



‘sec . initial specific fuel 

consumption. The general equation of ramjet performance then 
becomes 

(T| 



-L ^ - 

5 <tt 



e(cF-ct) 









-/ 



which may also be descrioed as 



The change of flight velocity 
Unit'tlme 



[ 



in.f.a/ fotret, ^ 



h 



Wo 







Y,nh this formula ramjet performance is calculated as described 
in section 111 of this paper. 



. Anuiyticai Development 



The equation of motion in the vertical direction is 



P_ 7)_ \^ ~ )tL ^ 



(I) 



where = net thrust of the missile 
D = drag of the missile 
W * instantaneous weight of the missile 
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g = gravity constant, 32.^ ieet per sccoad squared 



^ - rate of change of velocity v ith time, acceleration, 
feet per second squared 

Dividing by instantaneous weight, the following is obtained: 



r- p 
w 



-/ = 






( 2 ) 



The thrust and drag are now put into coefficient form based on the 
maximum cross-sectional area of the missile 



F-- Cp ?/a. m"" 



D-- Cj, f/z 



( 3 ) 



where C^x = thrust coefficient, non-dimensional 

= drag coefficient, non-dimensional 

^ s density of air in slugs per cubic foot 

A = maximum cross-sectional area of missile in 
square feet 

V s flight velocity feet per second 
The instantaneous weight is equal to the weight of the missile, 

, Vv'hich is constant throughout the flight; plus the weight of 
the fuel, WV , which is decreasing during the flight at the rate of 
the fuel flow . 

W' ■= vJtn tV/f. 

Wo - Wm 1- iV/i, 

wdiere the zero subscript denotes the initi«i.l condition. 
Then ^ _ I (5) 



[ 
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' ubstituting equations (3) aad (4) into equation (2) the following re- 
sults: 




where J* = , density ratio 

Vo » initial flight velocity of the nriissile, feet per 
second 

V c flight velocity at any time, feet per second 
i.^or initial conditions, starting at sea level 




i-et one parameter be 



e - 




d (non-dimensional) defined as: 

ft ^ J 



Substituting (8) into (6) results in: 



J- ^ - 

1 



e(cF-c,j 



r(^r 

Wo 



( 8 ) 



(9) 



s pecific i uei Consumption, of most thermal jet engines is de- 
fined as the rate of fuei consumption in pounds per second divided 



by the thrust in pounds: 



9. 
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% 



x'uel flow = rate of fuel consumption 
k uel consumption to time t = lc,F 4t lbs 
The instantaneous weight of the fuel is equal to the initial weight of 
the fuel minus the fuel consumed. 

rt 

V/f = Wf - j Cf F 

Wf -- vJf, - i (>o A \io^ / r (fXcfCp Jt 

= !5k - e f^CfCp <r[^)^clt 

VJo A * '■ ^•>1 






^ ^ =1 

n/o Wo 



^ ^ fJcfCF <r[f,r 



by equation (4) 

(10) 



v'h-’re £ j CfCp dt is the? fuel consumption of the mia- 

'o siie per pound of initial weight. 



Equation (9) then becomes 

Av ^ fe(cF-Cj>) 






dt 



l~ ^ CfCp 



-I 



(H) 



(IC) 

but £rom assumption ( 5 ) tue time rate of fuel centum ptioa of the 
ramjet is proportional to the net thrust and inversely proportional 



to the flight velocity. 

^ < F /hi / 

fuel flow = /sec 

and C ^ i Sec 

where K = a constant in ft/sec^ 



-quation ( 11 ) becomes 

where is considered a mean value, constant with respect to 
time and velocity over a given flight. 



B . Parameters and Range of Parameters 

Consider the two parameters ^ (Cf ‘CjjJ and 
which may also be described as functions of the Initial force per 
unit weight to accelerate the missile and the initial specific fuel 
consumption. These parameters must be varied through a range of 
values 80 that, when substituted into equation ( 12 ), they will give 
ramjet performance comparable to that which may be developed 
within the next decade . 

Substituting initial conditions into equation ( 12 ), i.c. , 



()■) 



it is seen t^at for initial zero acceleration, 
Cd) - I • Therefore unity is the lower limit of this para- 
inoter. To find the upper limit of this parameter proved to be a 
little more complicated and a few trial calculations were necessary 
in order to establish the values. Values of ^ were selected from 
100 to liOO since ^ = 1000 is approximately that of a V-2 rocket. 
Ramjet areas are much larger than comparable rockets and so 
^ =100 was selected in the belief that the area was large enough 
to provide excessive thrust for the given weight. This proved to 
be the case as shown In ITig. 1. The t was calculated for different 
initial velocities as shown In the table below: 



6 



Wp 

A 


V'.)- 








100 


9.5 


- 


- 


- 


300 


- 


7.1 


11.1 


- 


500 


- 


- 


6.7 


11.3 


700 


- 


- 


4.8 


3.44 


900 


- 


- 


3.7 


6 .56 


1100 


- 


- 


3.0 


5.36 



where ^ ‘ Z ^ 



Blanks in the lower columns under the numbers 9.5 and 7.1 
show the area where t(Cf -Cp) 2, I and therefore, the area where the 
acceleration is zero or negative . Blanks before the numbers 7.1, 



( 1 ^) 



il.i, and 11.8 in the second third and fourth columns, respective : y , 
shov. the area where the acceleration is expected to be too H[;h 
for our arbitrary lirnit of 25 g*s. The acceleration can be expected 
to be high where the Wo is low and where the 'A' la high which 
indicates excessive thrust for the Initial weight, specifically, when 
this low initial weight is launched at high initial velocities . This 
proved to be the case when several trial calculations were made 
with the above values of 6 substituted into equation (12). Values 
of £ - 12 gave tremendous accelerations and velocities, and so it 
was at this point that accelerations were arbitrarily limited to 
25 g*s isee Fig. 1) and €(cf'Cd) fell into a range of numbers which 
Increased with the initial velocity as follows: 



Vo 


e(Cp'Cpj 


894 


l to 2.5 


1230 


1 to 4 


1790 


h to 6 


2230 


1 to 8 



CfoCp 

To calculate the range of the parameter ramjet 

performance coefficients were estimated from Fig. 2 as follows: 
ranges from 0.5 to 1.5 
ranges from 0.1 to 0.4 
ranges from O.l to 1.4 

/fc/Kr \ ^j kr 

ranges from 1 lb 

or .0002 Ik to .005 (t 



Cf 

Cp 

Cf ~ Cp 
Cfo 



D 



I 



Cf-pCg 

Cf-Cp 



Wv\:i firjst varied between 



CoS' X i> f 
_ . 



. OOP 2 X >s~ 

T5 



, aco t 






O. I 



and held constant for tne first set of curves (l^igs. 3 to 6) at its 

.OOll Jf/.O ^ 

norms. : operating value of /. o - . 2 ~ *oo/ ^ However, it was 

found in trail calculations that as qt^p increased to 0.1 the 

acceleration of the normal nnissile increased by a factor of 20. 

This increase of acceleration is due to the fact that the fuel is now 

such a sizeable quantity as to affect the decrease in weight very 

markedly and therefore to increase the acceleration. This increase 

in acceleration is so tremendous, however, that it was thought 

more prudent to decrease the value of c^Cp values of a 

rocket operation with high drag, i.e. . = .005, = 2.0, 

^ Cf.CF 

Cj) = 1.0 to give s .01 as the top limit. Even this value 

gives accelerations up to 60 g's in some cases. 



'f 

I 



I 

I 



I 
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III. V5THOD OS r A] CULATir^n 



The method of calculating equation (lil) it a graphical 
atep-by-atep proceas which solves the equation for each one 
aecond interval using the result for the next second solution. 

The equation may also be solved analytically, but the graphical 
solution lends itself better to the boundary conditions. The 
first parameter is varied through its range of values for one set of 
calculations while the second parameter is held constant at its 
normal value; and vice vers^, for the second set of calculations. 
Commencing with an assumed value of Vm and varying values 
of the two parameters as noted above, the velocity ratio is found. 
The altitude is solved for by the <T is 

picked from an altitude table for each altitude. and are 

averaged with each preceding second and the x-*^^oduct summed to 



Ifie product of this integral and the two parameters gives the total 
fuel consumption per pound of missile initial weight. “When the 
acceleration is found in feet per second square, it is multiplied 
by the time interval and added to the velocity for that second to 
give the velocity for the next second. This process is repeated 
until the acceleration is zero, and at this point maximum flight 
velocity is attained. To simplify the problem the altitude is 



evaluate the integral 




over each one second range . 



started at zero, neglecting the altitude necessary to start the 



.. 






I 

1 
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ramjet. Gravity is also considered a constant throughout tho prob- 
lem . 

figs. 3 to 6 show the first set of calculations with £(Cf-Cd; 
varying and held constant. These curves are plotted 

for flight velocity and fuel consumption per pound of initial weight 
versus time after launching the ramjet. e(fr -C„) jg varied be- 
tween 1.5 and 8 and constant at the normal value of .001 

for these sets of curves. £ach i ig. represents the different initial 

velocities of 894, U30 , 1790, 2230 feet per second which corres- 

pond respectively to Mach numbers 0.8, 1.2, 1.6, and 2.0 at sea 

level. Fig. 7 shows the altitudes attained by the missile flights 

represented in Fig. 3 to 6 and Fig. 8 shows the optimum altitudes 

of these flights plotted against the parameter e{Cf-Ct,) 

Eigs. 9 to 12 show the second set of calculations with the 
. Cf.Cf 

parameter varying between .0001 and .01 and with ^O Cs,) 

constant for each . £(Ce ~C,) , however, cannot be taken as 
the same constant throughout this set of calculations due to its de- 
pendence on V, . Therefore. t(c.-C,) ig taken as 2, 4, 6. 8 for 
each initial velocity of 894, 1230, 1790, and 2230 feet per second, 
respectively. Altitude versus time is shown in Fig. 13 while j.ig. 

14 shows an approximation of the amount of fuel necessary to 
reach a given altitude with the ramjet missile defined by the 

parameter t(C.-Cp) and using the normal values of gg = .001. 
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► ig. 15 s t:.e effect of the different launching velocities on two 

-f 

confiyuraticna of ramjet missiles defined by -^ = 500 and 1000. 
igs . are discussed in section IV. 

-V numerical procedure of the calculations may be repre- 
sented as follows: 

CA Cfr 

Given values of , 6(Cf-CpJ ^ and ^ . 

Divide the time scale into intervals such as: 

t^o ^ t, ^ ^ -t-, 

or 





2Ai ^ 3At ^ 4 At 


At or the 


first step, equation (12) is 


/ AV. 


6 CCf-Cj,j (T CA.J 


a- ^ 


~ 1 

/ - O 


- 


^ l^£(Cf~Cj,) -1 At 



Ihen the velocity of the missile at time equal t, is: l/o + 

I'he altitude at this time is l> , - i 

or the second step compute ^ / V„ * a/,, •- v(L) * 

, z 



and 



Z 



then substitute again 
into equation (12): 



a 






I- 



-Cc) 



p 



eCM 



y* t^e tAU, 



■] 



-I 



dt 



I 
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. % / y» t a/i 

t(cF ( ~7T' J 


-,1 


"‘‘'•-‘■•■'Sgj 




j 


[ ^ ^ J 



at 



The velocity of the missile at time "ta. is Ay, -t- 

iVltitude at this time is = Ko ^ (i/. ^ 4 i/. ^ dt 

In general for the n step, equation (12) is; 



± a/„ 



h-l 




l-6(C^ Cc) 

Cf‘Cp 




At 




I 




i V 



IV. L.I v;. 



Jv-'-. y K.-:- *J. - . 



igs . 3 to 6 show the flight velocity and fuel consu*r f^tion por 

^jound of initial weight plotted versus intervals of time after laancn- 

ing the rainjet missile . This group of curves is plotted using the 

CfXr 

normal val^e of the parameter = .001. Ail of the velocity 

curves in this group have the same general features. They resemble 
an *’S*' shape which shov/s the effect of increasing and decreasing 
velocity, i.e. , their slope is the acceleration of the ramjet missile. 
The acceleration increases to a maximum, and then decreases as 
the missile ascends, ^v-t zero acceleration maximum velocity is 
reached and the ramjet is discarded. This point shall be called 
optimum altitude. Acceleration increases initially if the parameter 
e($f-Co) >( 

, and it continues to increase because the fuel being 
used up decreases the weight of the missile. However, the density 
ratio has the limiting effect on the acceleration as seen by equation 
(12) which is: 



dt 



e(Cr-CpJ 



- H££* 



-J 






X t low altitudes (T is very close to unity and therefore does not 
counter the rapid increase in the nr term. At higher altitudes, 



particularly over 50,000 feet where ^ < .153, ^ gradually reduces 
/ until the acceleration is negative. 
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cw initial weights correupciid to hign valuer of tne pararr^etor 

C(Cf “Cd} , therefore, tne ndssiis v ith the higher c(Cf ~CpJ , at the 

d-. Vo , wiii have the higher avid higher optimum altitude. 

i is too high tor the sc'ccific launching velocity at v/hich 

it is used, excessive acceleration above the 25g limit will result. 

Lae reduction of ramjet cross-sectional area for the same initial 

Wo 

vvsig' t missile, i.e., the increase of the ^ ratio, will reduce the 

r. axlTium velocity and optimum altitude, or require a higher booster 

velocity lor the same maximum velocity and optimum altitude. v*ti 

ig. 3 the ^ = 350 curve shows a = 4700 ft/sec. If 

increased to 475 . is reduced to 1400 ft/sec. This is at a 

idunching velocity of 894 £t/sec. If this launching velocity is in- 

Wo 

creased to 1230 ft/sec as on ig. 4 the same = 350 shows a 
"^max i*~‘Creased to 10,000 ft/sec. In general, the effect of an in- 
crease in Ve increases the V and optimum altitude to the same 

max ^ 

We 

magnitude for the same missile. Inowever , in Figs. 3 to 6 the 
allowable viilues of as well as tae range of values, which keep 
the accelerations in practical limits, increase as Vo increases. 

he fuel consumption curves of igs . 3 to 6 show an in- 
crease in the rate of fuel used as velocity and altitude are increased 
up to a point and then as maximum velocity is approached, the rate 
of fuel c >n2umption shov'S a marked decrease. This is due to the 
factor in the denominator of equation (12) which factor is: 






I 






o 



and svhich reduces to 



1 “ ^ f 

^ o 




is the fuel condomption to time t. It 



is apparent, then, that for a given miasile the fuel consumption 
varies with the altitude, the flight velocity, and the density ratio, (T . 
v» nilc ^ is close to unity, at low altitude, the increase of velocity 
and altitude increases the fuel consumption. However, at higher 
altitudes, as ^ decreases, decreasing density counteracts the 
effect of increasing velocity and altitude to rapidly decrease the 
rate cf fuel consumption. 



show the optimum altitude reached for any configuration as de- 
•>endiog on total fuel consumption per pound of initial weight and 



give a quick ap^proximation of the total fuel necessary for any con- 
figuration to reach a desired optimum altitude . For any given 
optimum altitude it can be seen that the total fuel consumption per 



. nc results of i igs . 3 to 6 arc cross plotted in * ig. 14 to 





- ig . 7 shows the optimum altitudes attained for the missile 



iligiits corresponding to igs . 3 to 6 . i ig. 8 is a cross plot of 
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7 suc>\^s uopirndonco of o^tiaitLn altitude on initial vel- 
ocity avid ((cf-Cj,). rh« curves of ng . 8 are loci of optiniurn alti- 
tuoo points attained for different configurations and launching vel- 
ocities of ramjet a:issiles. i- ig. 8 points the way for future re- 
search upon the ramjet missile in vertical flight. It shows that 
t ie greatest performance in optimum altitude will not be developed 
by increasing the initial launching velocity but will be attained by 
improved configurations, l.e. improved Cp, Cp and A launched 
rt leaser initial velocities. For instance , varies directly 

ae the cross-sectional area of the missile; therefore, for the same 
increase in area, i.^. , increase in 6(cp-Cp^ ^ the optimum altitude 
will increase four times the value for a missile launched at 894 
it/sec as for one launched at 2230 ft/sec . 

igs . 9 to 12 show the calculations similar to those of ? igs . 

, Q. Cf 

3 to 6 with the exception that the parameter ” is varied 

throu' h its range of values and 6(cf~Co) is held constant for each 
value of Vo . As a result, the general shape and appearance of 
the c rves is the same as in x igs . 3 to 6 . Velocities, accelera- 
tions, altitudes show an increase in magnitude, however, for 

values cf ** '— ■ > .001 while for values of -p — r .001 the decrease 

Cp-Cp CF-Co 

in these performances are negligible . These variations are due to 

the t:»rm t~ in the denominator of equation (12). "'ho 

vt'.ri<;s tror. 1. 00 tD .900 In normal operation, r— ;; = .001, and 

f Cp-Cp 



f 



t/ioreiCK. ikJluoncfci* the acceleration only jlightly. L tiie specific 

fuel consumption is increased ns shown in . igs. 9 through i2 the 

f-ictor 1“ will vary from i.OO to .3?. This factor, of course, 

increases the acceleration tremendously . i-hysically this Uicans 

si npiy taat the large fuel consumption has reduced the missile 

weight (/or a given initial weight) appreciably by the time the 'iilgh 

acce ’err.tiou period is reached. Since more fuo’. must be carried, 

for this casc^, the payload of the missile will be decreased. 

.rig. 12, for instance, shows the previous variations when 

fuel consumption is increased or decreased by a factor of ten from 

, Cf.CF 

th3 n »r. nal operating value of - .001 fer tUe same missile of 

a weight-area ratio equal to H90 Ibs/ft^. The altitude- v"*locity 
yierfor -nanc^i of the missile using increased fuel is one half again 
as great as the normal performance , but the payload is one ball 
le:s than tue -arrmal periormance. Vn the other hand, the per- 
form ance of tht missile usln^- less than normal fuel is approximately 
equal to normal performance while thu payload is increased about 6^/^. 

Ms clearly shows the necessity of low fuel consumption from an 
economics i stcindpolnt. ."fficiency and economy will suffer greatly 

CkCf 

If ^ ^ is alluv/ed to increase much above .001 aUhougl a de- 
crease in t' is parameter does not substantially iroprove these per- 



Aorr .ances . 
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V. Sl-ZCl‘- IC 

fhe specific examples of this problem, divided Into three 
sections , are used to compare the ramjet missile with the two- 
step rocket and to obtain a preliminary approximation of the in- 
creased efficiency in fuel consumption. The first example shows 
the method of obtaining ramjet performance for an assumed mis- 
sile configuration. The second example is a comparison between 
the ramjet missile and a comparable two-step rocket on the basis 
of fuel consumption for the total flight. It is assumed that the two 
missiles are comparable if each has the same maximum velocity 
and altitude at the end of the first step. It is further assumed that 
tne rocket carried by the ramjet will be used as a ducted rocket 
to boost the ramjet and this fuel Is charged against the ramjet. 

It is found in this example that the ramjet missile uses only one- 
third of the fuel used by a two-step rocket and thus the payload 
ratio of the ramjet missile is tripled compared to the two-step 
rocket. The third example is a comparison between the same type 
of missiles for an equal amount of fuel consumed. It is found that 
for the same fuel consumed the ramjet missile shows a 65^/o 
gain in altitude. 

A. Performance for an assumed ramjet missile 

Given a ramjet missile of the following configuration: 
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Ramjet structural weight 2400 lbs 

Ramjet fuel weight— 800 lbs 
?.ocket structural weight--— -3200 lbs 

Rocket fuel weight----- 2000 lbs 

Total initial weight, 8400 lbs 



Crose-sectional area 


of missile 


is 10 sq. ft. 


Assumed coefficients 


are: 






-1.0 


. 73 


^S> 


^ ,2S' 






^ %.o X /o' 


“f /L/sff. 


/b 



To find the maximum velocity, fuel consumption, altitude 
of maximum velocity, and duration of powered flight of the above 
described ramjet missile, the following calculations are made: 
Calculate: 



CfXF 

Cf-Cd 



a /.O 



A 



yyoo 

/O 



=: . oo! YsAC. . 



/.o - ZS 

f o 

::Inter Vig. 2 with X ® 840, pick otf highest e(cF-CpJ for 
best performance. Enter .<’ig. 5 for ^(Cf-Co) - 3 Zb' 
l/o ^ /7fo 

then: 

.0^7 

UUo 
or 

r ig. 6 



r •ff- "tp ~ Zo 

— i^oo 



C (Cp-O/ - S> 2 S' 

V'kta*' = sooo 



( 4 , - 2220 ^/uc 
?o, ooo • 



r rc* ^ 



Iki. 



for 
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B. Fcrformancs Comparison with Two nt€:p fbcket 

Assume such a configuration as a V-2 rocket mounted 
on a super-rocket. This is compared with a ranjjet boosted rocket 
on the basis of fuel consumption for the initial step for the same 
maximum velocity and altitude for the initial step. I'Tom JrTg. 2 
pick a and €{Cf ~Cpj which will give good performance; say, 

^ s 633^ ^(Cf-Cp) = 7 , This gives a launching velocity of 2230 
ft/sec. Entering Fig. 6 the performance of the ramjet missile is 
obtained: 

^ z. ioo , ood? ft 

TlES' r .0^6 t/> -- 20 uc. 

Wo f 

Assuming that the cross-sectional area of the ramjet is four times 
that of the V-2 rocket, it follows that 

Wo * 635 X 96 = 61,000 lbs. 

TF.C. s 5250 lbs 

Booster fuel necessary to obtain 2230 ft/sec on the ramjet 

missile may be calculated as follov/s: 

The mass ratio required during boosting operation, using 

the formula for short burning time, is: 

initial mass ^ 
final mass 



v.here V© ~ tooatea velocity , oi" i.iitlal velocity 



of the ramjet 

C = exhaust velocity o£ txie booster rocket 
bince it ia planned to operate the rocket &a a ducted rocket 
for this boost operation^ C will be taken as 6380 ft/sec , the ex- 
haust velocity of the V-<2. 

The final weight is 61,000 lbs and the final weight plus the 
booster fuel weight is equal to the initial weight. 

Therefore: 



1 + ^ 
4 1,000 



2130 

£Jto 



e = 1.333 

Wq.f. = '4, 300 /ii. 



Total weight of fuel consumed for this flight is: Booster 14,300 lbs 

ivamjet 5,250 lbs 
Rocket 19,000 lbs 
3b ,500 lbs 

Calculation for the fuel required for a two-step rocket, super plus 
V-2, which will meet the same performance as the ramjet missile 
is as follows: 

The super rocket must attain LOO ,000 feet at & burn out vel- 
ocity of 7100 ft/sec, the same as the ramjet in order to compare 
fuel consumption. The mass ratio required formula, although an 
expression used for flights of short burning time, may be used 
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h«re for expeuience . This ex^^retaii oi. f:-*v^rs tSe rw:>cKst ia ti i* 
comparison sIyic^ th» assumrtion ox ioaj;«r .urning tiriiC v.iii • e n 



an increase of the mass ratic 



Tae reform: 



= e 



M, 

w lie re 



a 



= initial * djs 



= linal ' Alp 

Mp - aia&Q oi ro^-ilAat 

y = 7i ).:> a/3£c. v -! city 

rer^v^ircr* at . ^^rn:.ut 
C r. 6SB.! ft/ sec, ftx laust 

velocit/ of -2 is used 
^ - lOauia factor , ^p/Mo 



taeu 



7/00 



D. 357 






= 0.643 



To find the mass of the first step: 

(ree .cf. (2), . 263) 

M„-- 

.'i jre A - *a> : oAo rati-j 

N = no. o. stc\Oj = 2 



- oay loAd of 2ncl sta 
Mo = ' st*cr: 




I 



and 



% = ('- (•- 

where 6 is a structural factor and 
the lowest value yet achieved is .24 
. * . 6 = . 24 



But 



A. = A. 



A 



V-1 



?A%l2<kd. 

(^ross 



where the payload of the V-2 “ 23,000 x .155 = 4340 lbs. 

:Chen Wo' ^‘^340 = / 6o ^ ooo llfS. 

and Wp s weight of propellant = .643 x 180,000 = U6,00G lbs. 
for 1st step 

Total fuel used for this flight iu: super rocket = U6,000 

V-2= 19,000 

135,000 ILs. 



Fuel used by ramjet missile ^ 39,550 ^ ^ 

ruel used by two-step roc«.et “*135,000 

It is assumed in this problem that the ramjet will carry a 
rocket of 33,300 lbs. fuel capacity, 14,300 lbs. to be used for the 
booster operation and 19,000 lbs to be used in the third sta<^e oper- 
ation. The third stage operation of the ramjet missile and the 
second stage of the two-step roci^et (V-2 stage) are as^u/ned to be 
of equal performance. 
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Altitude att&ined by each of these ir.lssiles is computed by 
equation 104 in i^f. (2); 




where 

C|> = o 

^ ^ .70 /Cr I'-Z 

Cl 6 a« o 

tp- ?£> .t«. 

/. - 7/00 
I), - loo , 060 



Substituting these values into this equation altitude is obtained as: 
h = 3,395,000 feet = 644 miles 

Thus for the same altitude the ramjet missile uses only 
one- third of the fuel used by a two step rocket. 

Payload ratio of these two missiles may also be compared. 
Payload ratio, X , may be defined as follows: 



or 



weight of pay load 
gross weight of that step 






weight of 2nd step missile 
initial weight at sea level 



In a multi-step rocket tb<i payload ratio is usually equal for 
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aii stapa . This will not be true it a ramjet is used for one step 
since a ramjet will deliver more weight of the next step than a 
comparable rocket due to better fuel consumption. 

The payload ratio of the suiter rocket and V-2 rocket is 



K 



» V~2 rocket 
initial weight 



28,000 

180,000 



and the ramjet missile payload ratio is 



L = 



weight of rocket « booster fuel 
+ booster fuel 



49,000-14,300 
6i ,0G0 ^ 14,300 ~ 



where 49,000 lbs. is the estimated gross weight of a rocket 
which carries 33,300 lbs. of fuel. 



Thus the payload ratio of a ramjet missile is increased by 
a factor of three over a two-step rocket payload ratio. 



C. Altitude comparison to a two-step rocket with equal fuel 
consumption. 

From ibf . (2) pp. 265 two-step rocket performance is listed 



as follows: 




'^0 = 9800 lbs , 


initial weight 


= .457 


propellant mass ratio 


Wp = 4480 lbs . 


initial weight of pjroj>eilant 


tj> = 37 sec . 


burning time of each step 


€. = .33 


structural factor 



^ = .318 
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payload ratio 
C a 12,500 ft/sec, exhaust velocity 



- c 



/„ ^ A J - J 



1,= c <Tp jTi /►, 

the velocity and altitude at end of burning of the Jirat step 
are calculated: 

; 

V s 6440 ft/sec h = 105,500 iect 

The altitude at the top of the trajectory is from eq. 104: 

^ f/h(.-pj % dp I- ('-%)] 

where = 0 

^ s .457 = 37 sec. 

Q = 12,500 ft/sec K> a 6440 ft/sec 
/)o = 105 ,500 feet 



h = 3,016,000 feet - 570 r, i. 

Substitute a ramjet that burns 44b0 lbs of fuel (Including booster 

fuel) for the first step rocket. 

Selecting Cp) = 4 and \!o = 1230 ft/ sec. 

arbitrarily, r ig. 3 givea = 10,600 ft/aec. at 126,000 feet 

TFC. 

and = .089 
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booster fuel for 1230 ft/ sec is obtained by: 

I + ^ e ^ 

Wo 

. 08 -} Wo = 

Solving simultaneously for Wo » one obtains 

IVi = 15.700 IbE 
'Vg.p. « 3,080 lbs 
Pvamjet fuel = 1400 lbs 

The altitude at the top of the second-step trajectory, using the 




where = 0 = 37 sec 

\ = .457 = 10,600 ft/sec 

C 3 12,500 ft/sec i>. = 126, oOO ft 
h = 4.983.000 ft s 943 miles. 

ihus for the same fuei confcuinpticn the rarijjet aiissile 



shows a 65^/o gain in altitude. 



^FoCf 

i. Vf ith normal specific £u^l consumption, i.e. , - — ’t 



.001 



the performance of a ramjet powered viiissile in vertical flight 
is limited by loss of thrust with increase of altitude. The re- 
duction of weight resulting froni the fuel consumed is not suf- 
ficient to compensate for the decrease of t .rust. This decivtuae 
of thrust is directly proportional to the air density ratio, ^ ; 
and this factor , taen, has the most pronounced effect on lim- 
iting the vertical flight of tlie ramjet misBile. 

2. The reduction of ramjet cross-sectional area for the same 
initial weight missile; i.e. , the increase of the ratio, will 
reduce the maximum velocity and ox?tirnum altitude, or require 
a higher booster velocity for the same maximum velocity and 
altitude . 

3. K^aximum velocity and optimum altitude for a specific config- 
uration of missile increase in the same order as the increase 
of launching velocity. 

4 . Ramjet improvements in performance , i.e,, Cp and Cj>, show 
more effect in increasing the optimum altitude when the rrissile 
is launched at low initial velocities than if it is launcc.cd at high 
initial velocities. 

5 . The greatest increase of optimum altitude reached by a ramjet 
missile will bo achieved by increasing the ramjet cross-sectional 
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ar;ja so as to launch th<; irissiia at lo*!. er initial velocities. 

6. An increase in specific fuel consumption ox ten times that of 
normal operation will give an increase in acceleration of the 
same order since weight is reduced quicker by burning the 
fuel faster. The payload is reduced 50 °/q. however, since 
the extra fuel will replace payload. In the same manner a 
decrease of one tenth in fuel consumption as compared with 
normal operation will only slightly influence the acceleration 
and will also allow 6 ^/q more payload to be carried in place 
of the fuel saved. 

7. For the same altitude and velocity the ramjet missile uses 
only one-third the fuel used by a two-step rocket. Payload 
ratios for this case is tripled for the ramjet rrisaile. These 
calculations use assumptions favoring the rocket. 

8. i or the same fuel consumed the rernjet missile shows a 65®/o 
increase in altitude over a two-step rocket. 
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vVeighi /irea .aci: vs. I ’.itial Velocity 



O .j0119 X .75 . CO'Jo^ ’ . 

€(cf-cp; ~ e(o-cp; 

fi>r values cf €>^Cf~Cp) 



Vo 


Vo"" 


1 


Z 


3 


4 


3T 


6 


7 


6 




300 


.64 X 10^ 


570 


ZV3 


I9i' 


142 






511 






1000 


1 X iO^ 


890 


443 




222 


’ 7 ’ 


143 


127 


i 1 i 


j > 


1200 


i.44 X 10^ 


1200 


641' 


i27 


320 


234 


2i3 


183 


)/-:■ 


14 4 . 


a400 


1 .96 X iO^ 


i725 


802 


375 


43 i 


3^5 


2,.; 7 


246 


213 


^ • C' 


160'J 


2.56 X 10^ 


2280 


1140 




573 


4se 


:;7,0 


326 


2>-3 


>53 


1800 


3.24 X 10^ 


2880 


1440 


927 


72j 


376 


4c 3 


41i 


36C 


3.9 


2000 


4 X 10^ 


3560 


1730 


liw>iV 


.0 


712 


393 


3 '1 


4 .'3 


396 


2200 


4.84 X IC.^ 


4300 


2150 


1433 


1 • *73 


C'^C 


716 


6i4 


337 


4/. 


2400 


5 .76 X 10^ 


3120 


2560 


1707 


I2.'i0 


i024 


853 


731 
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f 





u 
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ri 


c" ’ LCol / 
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e(Cf- 


Cp)- 7 


y,~- ZZ30 


Cf Cf 
Cf -Cp 


r , OO# 






t 


V 


Kp 


(fS 




K 


(T 




r.Fc, 


c^t 


0 


2230 


1 


1 


1 


0 


i 


1 


0 


225 


1 


2455 


l.io 


1.21 


1 .05 


2342 


.937 


.96C 


.006'^- 


225 


z 


2680 


1.20 


1 .44 


1.15 


4909 


.860 


.399 


.0141 


250 


3 


2930 


1.31 


1 .72 


1.25 


7714 


,1^1 


. 26 


.0213 


281 


4 


3211 


1 .44 


2.07 


1.38 


10765 


.IZl 


.757 


.0256 


315 


3 


35 26 


1 .53 


2.50 


1 .51 


14163 


.647 


.685 


.0333 


346 


6 


3372 


1.73 


3.00 


1 .65 


17282 


.574 


.biO 


.0428 


373 


7 


4243 


1 .90 


3.61 


1.81 


21920 


.501 


.537 


.0^3^96 


396 


8 


4641 


2.08 


4.33 


1.99 


26363 


.429 


.465 


.0561 


411 


9 


5052 


2.26 


5.12 


2.17 


31310 


.359 


.394 


.0621 


409 


10 


5461 


2.43 


6.00 


2.36 


36466 


.292 


.325 


.0673 


391 


11 


5852 


2.62 


6.87 


2.54 


42122 


. 225 


.258 


.0721 


343 


12 


6195 


2.73 


7.73 


2.70 


48156 


.168 


.197 


.0758 


284 


13 

j 


6479 


2.91 


8.45 


2.84 


54493 


.124 


.146 


.0787 


224 


14 


6703 


3.00 


9.00 


2.95 


61084 


.094 


.109 


.0809 


175 


15 


6878 


3.03 


9.50 


3.04 


67874 


.065 


.080 


.0833 


120 


^ 16 


6998 


3.13 


9.80 


3^10 


74812 


.041 


.053 


.0345 


67 


^ 17 


7065 


3.16 


10.00 


3.24 


81844 


.029 


.035 


.0853 


39 



I 



! 



18 



7104 3.19 



10.17 



.018 



13 



33. 



19 7117 

ao 7122 



.19 10.17 

.19 10.17 



3.18 88929 

3.19 96039 
3.19 103159 



.023 
.015 .017 
.012 .014 
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